The interest in the G-centre is driven by reports that it can lase in silicon. To further this, the transfer of this technology from bulk silicon to a silicon-on-insulator (SOI) platform is an essential requirement to progress to lasing and optical amplification on silicon. We report on the efficient generation of the lasing G-centre in SOI substrates by proton irradiation of carbon ion implants. Following carbon implantation samples were annealed and then proton irradiated to form the G-centre and characterized by photoluminescence measurements. The temperature dependence of the emission and the behaviour of the G-centre with post proton annealing were investigated and results are compared with identical implants in control samples of bulk silicon. Overall, we find that the optically active G-centre can be up to 300% brighter and has better survivability over a wider process window in SOI than in bulk silicon.
INTRODUCTION
Silicon photonics combines waveguided optical devices and functionality with standard silicon microelectronics circuits integrated on a single chip on a standard siliconon-insulator (SOI) platform. The booming of the silicon photonics, stimulated by a series of recent breakthroughs is the main drive of the aforementioned research. Silicon photonics is an important, developing field that offers a route to fast computer chips and telecommunication by integration of optical components with electronics. There is also an urgent requirement to create a silicon-based optical emitter that is compatible with standard ULSI technology used in fabricating integrated circuits . Despite silicon dominance in the electronics industry, it is still lacking key properties in optoelectronics. This is because of the indirect band gap, which limits the radiative recombination efficiency.
However, in the past decade, various approaches have been studied to try circumventing the band gap limitation, thus transforming silicon as an optically active material (Yukhnevich 2007 ). Among the successful and promising methods of emitting light from silicon are point-defect centres (Bao et al. 2007; Berhanuddin et al. 2018 Berhanuddin et al. , 2016 Murata et al. 2011; Rotem et al. 2007 ), Raman conversion (Boyraz & Jalali 2004; Rong et al. 2005) , strained silicon i.e. dislocation engineering (Homewood & Lourenco 2005; Kittler et al. 2005; Ng et al. 2001) , and nanocrystals with or without rare earth doping such as erbium (Er) (Bagiah et al. 2016; Jurbergs et al. 2006; Lourenco et al. 2016; Pavesi et al. 2000; Walters et al. 2005 ). The first silicon laser was reported in 2004 by using the Raman conversion technique, however, by its nature can only ever be optically pumped (Boyraz & Jalali 2004) . Among the successful and promising methods of obtaining light emission from silicon is the manipulation of point defect centres to produce emission at certain wavelengths as this technique is fully compatible with the current silicon CMOS technology (Berhanuddin et al. 2012a) .
The G-centre as an emissive point defect gained lots of attention due to its sharp zero phonon luminescence peak at a wavelength of 1.28 μm (0.97 eV) with the evidence of lasing occurred in the structure (Cloutier et al. 2005) . The emission of the G-centre is attributed to the carbon substitutional-carbon interstitial (CsCi) complex, which interacts with silicon interstitials during the damage event. The G-centre emission at 1280 nm is in the spectral range that is vital in long-haul fiber-optic networks and is ideally suited to silicon intra-chip and inter-chip lowpower data interconnects. A new method fully compatible with complementary metal oxide semiconductor (CMOS) technology to produce the lasing G-centre has been reported (Beaufils et al. 2018; Berhanuddin et al. 2012b ). The technique combines implantation of carbon, subsequent heat treatment followed by high energy proton implantation on bulk silicon substrates to form C s C i complexes and Si interstitials. The luminescence intensity of the G-centre emission varies with the implant conditions such as the carbon and proton doses.
The next critical step is to transfer this new technology to the silicon-on-insulator (SOI) platform to provide the optical confinement as the result of a very large refractive index contrast between the Si and SiO 2 for future amplifier and laser structures. Furthermore, SOI wafers are now the main material used in CMOS Silicon technology because of their attractive quality of improving the device performance for the same device dimensions as in bulk Si substrates. Therefore, the transfer of light technology from bulk to SOI platform is crucial for future integration of electronics and photonics industry.
In this paper, we report the implementation of the new CMOS compatible technique to generate the G-centre on an SOI platform. Photoluminescence measurement have been carried out after carbon implant and high energy proton irradiation at different temperatures to investigate the G centre's peak and other related luminescence intensity in bulk silicon and SOI samples. Next, each sample from both bulk silicon and SOI wafers that have the highest G-centre peak's intensity were annealed to see the effect of annealing on the formation and annihilation of the optically active point-defect centres. The annealing effect is one of the main concern before proceeding to the next step of realizing the LED structure on the SOI platform. It is known that the G-centre can be destroyed by annealing at T > 250ºC (Davies 1989 ). However, the destruction of the G-centre in SOI samples has yet to be confirmed. The presence of the silicon/silicon dioxide interface potentially makes this transfer non trivial, so its successful demonstration is the key to further development towards devices.
METHODS
Samples were fabricated on (100) n-type silicon wafers and (100) p-type SOI wafers with resistivity of ~ 10 Ω cm and 2000 Ω cm, respectively. The SOI wafer had a 450 nm silicon overlayer and a 1 mm thick oxide. All samples had the same carbon implantation doses and energies: 4×10 13 C cm -2 at 30 keV followed by 1.1×10 13 C cm -2 at 10 keV. The dual carbon implantations were performed to construct a reasonably flat carbon profile providing better uniformity of the carbon concentration along the depth of samples. The carbon volume concentration across the middle of the implant after both implantations is 4×10 18 cm -3 calculated using SUSPRE (Webb 2001) . After the C implantation, samples were annealed at 1000ºC for 20 s in N 2 ambient to repair the lattice damage and to introduce the carbon into the substitutional sites. Proton irradiation of the annealed samples were subsequently carried out at fluences of either 3×10 13 cm -2 or 1×10 14 cm -2 at 2 MeV.
Samples were mounted in a cryostat with continuous flow of N 2 gas and excited by an Ar-ion laser line at 514.5nm at a power density of ~5 mW mm -2 . PL measurements at 80 K were performed across the 1.0-1.7 μm spectral region using a sensitive, liquid-nitrogen-cooled P-I-N Germanium detector. Details of the samples are given in Table 1 . Temperature dependence measurements on the SOI sample with the highest G-centre intensity was performed ranging from 80 to 110 K. 80 K was adopted as the lowest measurement temperature as below this carrier freeze-out starts to occur in silicon.
In order to investigate the effect of annealing temperature, both SOI and bulk silicon wafers implanted with 4×10 18 cm -3 of carbon and 1×10 14 cm -2 of proton were prepared into 22 samples each to be annealed for 5 min at temperature ranges from 125ºC to 375ºC. Samples without annealing from previous measurement were use as reference samples. Figure 1 shows the photoluminescence (PL) spectra, measured at 80 K, of proton irradiated but not annealed bulk silicon and SOI samples. For reference, the PL spectra of samples without proton irradiation are also shown. A typical G-centre spectrum consisting of the narrow zero phonon line at 1.28 mm and the broader structured luminescence from 1.3 to 1.4 μm resulting from several local phonon replica modes is observed in all the proton irradiated samples. In addition, in the proton irradiated bulk Si samples another zero phonon line luminescence feature is observed at ~1.57 μm due to the carbonoxygen (C i O i ) C-centre complex that occurs due to the high oxygen concentration in standard Czochralski (CZ) silicon. Both proton irradiation at 3×10 13 and 1×10 14 cm -2 gives similar G-centre peak intensities for the bulk silicon; this saturation indicates that sufficient interstitials have already been generated at the lower proton dose. For the SOI samples the irradiation at 1×10 14 cm -2 gives a significant enhancement over the irradiation at 3×10 13 cm -2 . This difference indicates that the oxide interface in the SOI system may have some role in either sinking or blocking some of the generated interstitials. The G-centre peak intensity, although high in the SOI samples, appears lower than in bulk silicon samples implanted at the same conditions. The apparent reduction is likely to be the result of the oxide barrier preventing electron-hole pairs generated by the excitation laser deeper in the substrate reaching the carbon implanted region rather than reduced radiative recombination efficiency as, at the excitation wavelength used, only 20% of the light is absorbed in the silicon overlayer. Silicon phonon-assisted band-edge emission is observed in both the bulk silicon and SOI samples without the proton irradiation, and is higher in SOI than in bulk silicon. This is expected as SOI substrates used in this work have a higher quality of silicon overlayer which results in less non-radiative defects that reduce the luminescence efficiency (as indicated by the absence of the C i O i oxygen related C-centre emission in the implanted and irradiated SOI). No G-centre line emission is observed in either un-irradiated samples showing the importance of proton irradiation in forming the G-centre.
RESULTS AND DISCUSSION
Temperature dependence measurements were carried out on the 1×10 14 proton irradiated SOI sample to investigate the temperature quenching of the G-centre emission. The results are shown in Figure 2 . The G-centre peak intensity is highest at 80 K but decreases rapidly to almost a third of its original value at 90 K. The peak intensity continues to quench and almost disappears by 110 K. This behaviour is similar to that observed in bulk silicon samples (Berhanuddin et al. 2018) . Whilst the SOI platform does not improve the usual quenching behavior it does not worsen it; as might have been possible due to any additional recombination at the oxide interface.
One concern about the G-centre is its known susceptibility to being annealed out after formation at relatively low process temperatures, meaning it could only be incorporated at the very back end of device processing. Figure 3 shows the G-centre peak intensity for both bulk silicon and SOI samples annealed over the range from 125 to 375ºC after the 1×1014 proton irradiation. The SOI sample shows a large increase of 500% in the G-centre luminescence intensity on annealing at 125ºC over the un-annealed SOI and is now 300% brighter than in the bulk silicon. The intensity decreases on further annealing at 150ºC but is still 200% higher than the un-annealed sample and the bulk silicon where, in contrast, the G-centre peak intensity of the bulk silicon at 150ºC has decreased by half compared to the same sample without annealing. Another increase in the intensity of the bulk silicon and the SOI samples occurs as the annealing temperature increases to 225ºC and 250ºC, respectively. In both cases the G-centre intensity decreases rapidly above these temperatures before disappearing at ~350ºC in the SOI and ~300ºC in the bulk silicon. The different behaviour of the G-centre in SOI and bulk silicon is attributed to the formation and annealing FIGURE 1. G-centre photoluminescence spectra in SOI and bulk silicon. PL spectra, measured at 80 K, of bulk silicon and SOI samples implanted to 4×10 18 C cm -3 and annealed at 1000°C for 20 s, followed by proton irradiation at 3×10 13 cm -2 (B2, S2) and 1×10 14 cm -2 (B3, S3). The spectra of samples without the proton irradiation (B1, S1) are also shown. For the proton irradiated samples the spectra are dominated by the sharp G-centre emission centred at 1.28 μm and the related local phonon replicas. Samples without proton irradiation show only the silicon band-edge emission at ~1.1 μm. The oxygen related C-centre (1.57 μm) is only observed in the irradiated bulk silicon samples out of other competing recombination centres. Overall, the results showed that the optically active G-centre is significantly more intense in SOI rather than in bulk silicon over a wider process window. Both the different annealing behavior of the two systems and the complex temperature dependence of the annealing process suggest that the annealing out of the G-centre at rather low temperatures may be more controllable than previously presumed. The bombardment of proton onto the silicon lattice has also created, in addition to the G-and C-centres, another known radiative centre, the W-centre, which give luminescence at 1.22 μm. The presence of the W-line, attributed to silicon self-interstitial defect clusters formed after ion irradiation, indicates an excess of silicon interstitials created after the proton irradiation (Nakamura & Nagai 2002) . These silicon interstitials will compete with the main G-centre complex to scavenge either interstitial carbon or silicon.
Figure 4(a) shows the comparison between three optically active centres, the G, C and W centres in SOI samples. The carbon-oxygen C-centre which has the luminescence peak at 1570 nm only starts to appear when the sample is annealed at > 275ºC before disappearing again at 375ºC. However, the existence of the C-centre is relatively insignificant compared to the high intensity of the G-centre peak at the same annealing temperature. The results proved that there is a little or no competition between the G and the C-centre in SOI platform. The W-centre intensity peak at 1220 nm, attributed to only silicon interstitials, starts to appear in the SOI sample when annealed at 175ºC and above. The W-centre's luminescence peak is steadily appearing in the SOI sample even when the G-centre's peak has disappeared and no longer observable. This is because the silicon interstitials are activated and more likely to aggregate with each other than with substitutional carbon at higher annealing temperature. By FIGURE 2. Photoluminescence spectra of SOI sample S3 (4×10 18 C cm-3 irradiated with 1×10 14 H + cm -2 ) which were measured at temperature ranges from 80 to 110 K. The G-centre peak luminescence quenches rapidly with increasing temperature. The G-centre luminescence shows similar behaviour both in SOI and bulk silicon samples previously reported FIGURE 3. The G-centre's peak intensity for both bulk silicon (B3) and SOI (S3) samples at different annealing temperatures ranges from 125 to 375ºC. Generally, the G-centre's luminescence intensity in SOI sample are significantly higher than in bulk silicon after annealing annealing the sample at higher temperature, the W-centre luminescence starts to dominate the spectrum. Figure 4(b) shows the similar comparison of the G, C and W-centre peak luminescence but on the bulk silicon samples. Unlike SOI sample, the C-centre in bulk silicon sample is steadily present in the samples even at the highest annealing temperature. A competition between the G and C-centre is also observed at 275ºC where the peak intensity for both defect centres are similar. The C-centre starts to dominate when annealed at 275ºC and above in which the G-centre peak is no longer appear. Similar to SOI sample, the W-centre peak is observed at 175ºC and continue to increase gradually.
CONCLUSION
In summary, we have demonstrated and investigated, in a SOI platform, the formation of the radiative G-centre by serial implantation of carbon and high energy protons. This demonstration, that utilizes fully ULSI technology compatible processes, is an important next step if a G-centre based laser or gain structures are to be realized in silicon. A comparison of the G-centre behaviour in bulk silicon and SOI has been made. The luminescence in the SOI after a short low temperature, post proton irradiation, anneal is enhanced by 300% over the already high intensity luminescence observed in bulk silicon samples with a wider process window. However, as in bulk silicon, temperature quenching of the luminescence in SOI is observed and is therefore a real challenge that needs to be overcome to get room temperature operation. Nevertheless, quenching in similar silicon systems has been shown to be prevented or even reversed by further engineering of the material, again using ion implantation (Lourenco et al. 2005) .
The complex post proton annealing behavior observed in bulk and SOI is attributed to competing non radiative FIGURE 4. G-, C-and W-centres PL intensity versus proton irradiation post-anneal temperature. PL intensity, measured at 80 K, for (a) SOI sample S3 and (b) bulk silicon sample B3. The carbon-oxygen C-centre is missing in the SOI sample preventing competition with the G-centre. Inset for 4(a) and 4(b) shows the PL spectrum for SOI and bulk samples, respectively, at anneal temperature of 275ºC. The main 3 point-defect centres, G, C and W are also shown clearly in the spectrum centres that are themselves being formed and annealed out over the same temperature regime. The difference in this behavior between the two systems warrants further investigation and may offer some promise that the early annealing out of the G-centre might be controllable in the future.
